Introduction
The purpose of the investigations here described was to determine to what extent the chemical composition of a plant can be altered by growing it under different environmental conditions. The three general processes which de'termine the organic composition of a plant are photosynthesis, respiration, including aerobic and anaerobic catabolism, and biosynthesis. In the present state of knowledge' it is difficult to discern to what exte'nt these three processes are interrelated. For the immediate purposes of this hivestigation it is, in fact, not essential to attempt to determine which of these processes may be'responsible for any observed chaiges in composition.
If decided changes in composition are observable as results of altered etivironmental conditions, these effects can then be further analyzed and can perhaps ultimately be ascribed to one or another of the major processes. The immediate problem was to discover which environmental conditions would, when altered, affect the organic composition of the plant, and to determine the nature and magnitude of the effect. The objective was to find environmental conditions which would materially modify the relative proportions of the three major plant constituents, carbohydrates, proteins and lipids.
For such an undertaking, very little information' was available as a basis for a working hypothesis to aid in the choice of environmental conditions. It was obvious from the outset, therefore, that a large number of experiments Would have to be made.
In an investigation requiring many analyses, the determination of the organic composition of the plants in terms of definite chemical compounds, or even of groups of compounds, would be very laborious and time consuming. Regarding all of the organic carbon of the plant as arising from the reduction of carbon dioxide, we were more concerned with the energy level of this total organic matter than with the isolation of particular constituents. The determination of the heat of combustion of the plant material would, in a measure, satisfy this requirement; but such data would have a limited usefulness. Recourse was taken to a very simple means of determining the "degree of reduction" of the entire organic material of the plant from its elementary chemical composition. This general concept, which has been used but little in connection with problems of this nature, The choice of the plant material for such an investigation is doubtless of great importance. Higher plants are probably not very flexible in respect to their organic composition. They have certain set requirements already imposed by their elaborate structural elements, which constitute a large portion of their total substance. It is conceivable that lower organisms have not such set requirements, and that their degree of flexibility in regard to chemical composition may be greater. The unicellular green algae, for example, gr6\w rapidly and permit relative simplicity in conducting controlled culture experiments. For this reason, and because its extensive use in the study of photosynthesis afforded considerable informnation concerning its behavior, Chlorella pyrenoidosa was used in the present investigations. It was found to be very suitable for such experiments because it grows well under a wide variety of conditions.
It is hoped that the results here described may have some significance in the interpretation of data obtained in photosynthesis experiments. In conjunction with the determinations of the chemical composition of Chlorella cells grown under different conditions, it was originally planned to carry out determinations of the rate of photosynthesis and of respiratory and photosynthetic quotients of cells from the same cultures. Unfortunately, conditions imposed by the war forced postponement of this part Pf the program, and since then it has not been possible to undertake it.
The Degree of Reduction of Carbon and the R-Value We are here concerned with the unique ability of the green plant to use carbon dioxide and water as its principal raw materials and to elaborate from the carbon and hydrogen contained in them a host of organic compounds, often molecules of great complexity. The raw materials have a high oxygen content, 72.71% in carbon dioxide and 88.81%o in water. The constituents of the plant have a much lower percentage of oxygen. For example, analyses of entire Chlorella cells show a range of oxygen content from 34%o to as low as 18%.
It is apparent that the plant has, in the synthesis of its components, eliminated a large part of the oxygen content of the carbon dioxide and water. From a chemical viewpoint this is a process of reduction. An input of energy is required to make the process go, and the reduced compounds which are formed represent a storage of energy. The level of reduction to which the carbon has been carried represents the amount of energy stored. A numerical expression of the level or degree of reduction of carbon and of the energy content of carbon compounds can be derived through the application of simple chemical principles.
The degree of reduction of the carbon in an organic compound is related to the percentage of carbon, hydrogen, and oxygen. Since oxidationt and reduction are the reverse of one another, the most oxidized carbon compound, carbon dioxide, may equally well be spoken of as the least reduced form of carbon. Hence, carbon dioxide has a degree of reduction of zero. The most reduced carbon compound, which represents the highest degree of reduction of carbon, is methane. The degree of reduction of carbon in all other organic compounds will, then, be intermediate between that of carbon dioxide and that of methane. The degree of reduction of an organic compound can be measured by oxidation. Complete oxidation converts all of the carbon to carbon dioxide and all of the hydrogen to water. The energy released as heat in the combustion is equal to the energy stored by the reduction. The amount of oxygen required to accomplish complete oxidation of an organic compound is a measure of both the degree of reduction and of the energy stored in the compound.
The ratio of oxygen to carbon and to hydrogen for their complete oxidation to carbon dioxide and water is expressed by: In words, methane combines with 398.9% its own weight of oxygen during complete combustion to carbon dioxide and water.
In the case of a compound containing oxygen, less oxygen will be required for complete oxidation for two reasons. Firstly, because of the presence of the oxygen in the compound, the percentages of carbon and hydrogen are diminished. In the second place, because the compound contains oxygen, the carbon may be considered to be already partially oxidized. Therefore, to find the degree of reduction of a compound containing oxygen, one must calculate how much more oxygen is required to complete the oxidation of the carbon and hydrogen to carbon dioxide and water. This is done by calculating, as before, the total oxygen required, then subtracting the percentage of oxygen already present. Take A gas mixture of predetermined composition was continuously bubbled through the cultures. The agitation caused by bubbling largely prevented settling of the Chlorella cells. In addition, the cultures were shaken by hand several times daily. The gas mixtures were either purchased in cylinders or, in the case of carbon dioxide in air, prepared with use of a compressor unit. The other factor subjected to experimental variation was the composition of the nutrient solution.
The number of days allotted for the growth of each culture varied with the experimental objectives. At the end of the time selected, each culture was examined microscopically for contamination. Very few of the cultures became contaminated. If any organism other than Chlorella was found, the culture was discarded. All analytical data presented in this paper are, therefore, based upon pure cultures of Chlorella, not upon merely unialgal cultures.
The cultures found to be pure were quickly cooled to about 20 C. The cells were separated from the medium in a centrifuge. The The dry cell mass was pulverized in an agate mortar until all of it passed through a 60-mesh screen. A sample was then taken for carbonhydrogen analysis. Another sample was then ground as fine as possible in the agate mortar and was used for the nitrogen determination.
Samples of Chlorella cells for combustion were handled with the usual precautions applying to hygroscopic materials. Each sample was dried in vacuum over phosphorus pentoxide. Sample and boat were protected in a "piggie" during weighing and transfer.
Nitrogen analyses were made by the micro-Dumas method as described by Pregl.
Carbon and hydrogen were determined by the macro method. The combustion tube filling described by FISHER (5) was used. The samples were burned in platinum boats. The unburned residue from the carbon-hydrogen analysis was reported as per cent. ash.
Complete combustion of material such as Chlorella in the carbon-hydrogen analysis offers some difficulty. Being a mixture of carbohydrate, protein and lipid materials, the sample exhibits a combination of the annoying features of each during combustion. Samples having different compositions behave differently while burning. In general, it is advisable to proceed slowly and to use as low a temperature in the boat-heating unit of the furnace as will insure complete combustion. At first the sample decomposes and tarry substances distill from the boat and condense on the tube. By heating slowly, these deposits can be burned clean. After the decomposition products have left the combustion boat, the carbonaceous residue will ignite. Usually it burns clean, leaving a light colored, fluffy ash. The character of the ash was found to vary with the mineral nutrient medium in which the sample of Chlorella had grown. High nitrate media yielded Chlorella, the ash from which gave unusual difficulty in the carbonhydrogen analysis. The melting point of this ash was so low that frequently the ash would fuse during the ignition of the sample. Sometimes carbon was left in this fused ash, and resisted the usual devices for combustion of the last traces. In such cases, the mixture of ash and unburned carbon was weighed, washed with dilute hydrochloric acid, and the carbon determined separately. The weight of this residual carbon was subtracted from the weight of ash plus carbon to get the weight of the ash, and was added to the main carbon determination to obtain the correct carbon content of the sample. Only a few samples required this treatment.
CALCULATION OF THE R-VALUE From the percentages of carbon, hydrogen, nitrogen and ash, determined as described, the R-value of the organic matter produced by each of the Chlorella cultures was calculated. The R-value applies only to the organic constituents of the entire cell mass, hence the percentages of carbon, hydrogen, and nitrogen were calculated to an ash-free basis. The oxygen content of the organic matter was taken as 100%o less the sum of the percentages of ash-free carbon, hydrogen and nitrogen. Phosphorus and sulfur were disregarded, as explained in the section on R-value. By use of the general formula given there and the percentages of carbon, hydrogen and oxygen expressed on the ash-free basis, the .R-value of the Chlorella was computed.
Composition and R-Value DRY WEIGHT
Because we are concerned with the quantity and composition of the* organic matter produced by Chlorella cultures, all cell yields are expressed as grams dry weight per two liter culture. This is an important point for questions under consideration. Frequently the larger of two yields in fresh weight is the smaller in dry weight, or vice versa. In series of cultures which differed only in the length of time which was allowed for growth, it was sometimes found that the yield in grams fresh weight actually decreased, whereas the yield in grams dry weight from the same cultures showed a steady increase with age. The cell count is also an unreliable index of the weight of organic matter produced, because Chlorella cells vary greatly in size at different times in the life of the culture under some environmental conditions.
The per cent. dry weight of the Chlorella cells obtained from a culture does not enter into the determination of the composition or R-value. This percentage is not without interest, however. Under widely different cultural conditions, the per cent. dry weight of Chlorella was observed to vary from 11 to 42% of the fresh weight. The usual range of this value in most of the cultures grown was 20 to 33%. The composition and concentration of the mineral nutrients appear to have an effect upon the per cent. dry weight of Chlorella. Under a given set of conditions, the per cent. dry weight tends to increase with the yield of cells and the age of the culture. Cells of high R-value tend to have a high per cent. dry weight. This is probably because they are grown for a long time and because they contain a greater proportion of non-hydrophylic constituents.
ASH
No analyses were made of the composition of the ash of Chlorella. Its percentage was determined in order to calculate the percentages of carbonl, hydrogen and nitrogen to an ash-free basis in the computation of R-value. The percentage of inorganic material entering into the composition of Chlorella cells is largely influenced by the proportions and concentrations of the mineral salts in the nutrient medium. To a lesser extent the per cent. ash depends upon the yield of cells produced. The ash content decreases as more organic matter is produced. The range observed in ash content was from 1.5 to 20%. The majority of the cultures produced Chlorella having an ash content of 2 to 10%. The cells of high R-value usually had less than 5% ash.
CARBON AND HYDROGEN
As would be expected from the way in which R-value is calculated, the carbon and hydrogen content of Chlorella cells bear a linear relationship to the R-value. The small variations from linearity are readily explained in relation to the varying nitrogen content of the samples. The per cent.
carbon, on an ash-free basis, varied from 49.5%o at the lowest R-value to 70.2% in the sample of highest R-value. The corresponding figures for per cent. hydrogen, ash-free, were 6.78%o and 10.53%.
The atomic ratio of hydrogen to carbon was calculated for a number of Chlorella samples. This ratio proved to have little value for our purpose because of the considerable variation in nitrogen content between samples having nearly the same carbon and hydrogen content. The hydrogen to carbon ratio varied only from about 1.6 to 1.8, while the R-value changed from 42 to 55 for the samples compared by both methods.
NITROGEN AND OXYGEN
The relation of nitrogen content of Chlorella to R-value will be discussed in another section of this paper. The observed range of nitrogen content was from 1.17 to 14.11%. In general, the per cent. nitrogen decreases with increase in R-value, but the relation is not a simple one.
The percentage of oxygen in Chlorella also decreases as the R-value rises. Here again the relation is not linear because of the fluctuation of nitrogen content. If, however, the sum of per cent. nitrogen and per cent.
oxygen is plotted against the R-value, the points lie very close to a straight line. This sum decreases from 43.5 to 19.5% as the R-value increases from the lowest to the highest observed.
R-VALUE OF CHLORELLA
In these experiments the R-values varied from 38 to 63. The change in R-value during the growth of a culture is continuous rather than stepwise. Three hundred and twenty cultures were analyzed. The distribution of observed R-values between the lowest and the highest is remarkably uniform.
In table II are shown the relation between R-value and elementary It is of interest that in the complicated processes comprising the conversion of vegetable material to fuels of higher heating values, there occurs a notable decrease in the oxygen content. This change is accompanied by a marked increase in the carbon content, in the R-value, and hence also in the calorific value, of the material which has undergone this type of conversion. The elementary composition and the R-value of some of these products are given in (7) points out, "the photosynthetic mechanism has been given an appearance of stability which may not be warranted." The current concepts of the photosynthetic reactions are of necessity derived from observations made under relatively restricted en-vironmental conditions, during short periods of time, and on the basis ot certain assumptions concerning the nature of the products which are formed. We are here concerned less with the photosynthetic phenomena per se than with the products which the Chlorella cells are capable of producing under a variety of conditions. That the chemical composition of the cells varies greatly according to the conditions under which they are grown, becomes clearly evident. It need hardly be emphasized, however, that experiments of this type give little direct information as to whether the great variations in composition of the cells reflect differences in the course of the photosynthetic reactions.
In the study of a process as complex as the growth of a Chlorella culture, it is next to impossible to evaluate the effect of one environmental factor. operating independently of others. Under the headings which follow, an attempt is made to evaluate the response of Chlorella due principally to variations imposed upon one environmental factor at a time. Generally, the response to variations of a single factor, the effect of which is being studied, depends upon the magnitude 'of the other factors which are operative.
An important consideration in this type of experimentation is the reproducibility of the results. All cultures were grown in sets of two or more, one culture in each set serving as the control while testing upon the others the effect of an environmental change. Duplicate cultures showed less than 5%c difference in yield and less than 1%o difference in R-value.
Cultures grown under the same set of environmental conditions, but at different dates, showed nearly as good reproducibility. It was also found that a culture with any previously obtained yield and R-value could be grown again at will.
The great magnitude of the observed differences in composition of Chlorella grown under different environmental conditions raises the question, whether such differences in composition are entirely responses to environmental changes or, whether there is involved a selection of a strain of the organism which is adapted to growth under the special conditions. If a particular strain of Chlorella grew selectively under conditions producing high R-values, inoculation of new cultures with these cells of high R-value should give rise to more cells of high R-value. When this was done, the second culture, grown under the same conditions, did not reach as high R-value as the first. A third culture, inoculated with cells from the second, yielded cells of the usual low R-value, even though the three successive cultures all grew under conditions which brought about the production of high R-value cells from the usual inoculum. Also, cells from cultures of high R-value were used to inoculate new cultures which were then grown under conditions favoring the production of low R-value. These cultures yielded cells of low R-value. Apparently, then, the R-value attained by Chlorella depends upon environmental conditions during its growth rather than upon selective growth of a different strain.
EFFECT OF ATMOSPHERIC COMPOSITION
Although the Chlorella cultures were grown in liquid media, they depended for their source of carbon upon the gas which was bubbled continuously through them. Thus, the composition of the gas stream is an important environmental factor. CO2 in nitrogen which was used contained only a trace of oxygen. Cultures grown for less than two weeks at a low light intensity produced approximately the same yields of cells, of about the same R-value, when either gas mixture was used. Under higher light intensity, the yields were larger and the R-values one to three units higher in cultures grown with the nitrogen mixture than in those which were grown with the air mixture, other conditions being equal. The difference in yield and R-value attained in the two gas mixtures became larger with longer times of growth. This effect was noted both in a medium which produced Chlorella of high R-value and in one which produced large yields of cells of low R-value.
Under intermittent illumination at high intensity, cultures grown with 5% CO2 in air produced higher yields and R-values than did cultures which received the same exposure to light applied continuously. This was in contrast to the effect noted in the use of 5%o CO2 in nitrogen, as will be discussed more fully in the section on illumination.
Three cultures receiving 5% CO2 and 95% hydrogen did not differ significantly in yield or R-value from comparable cultures grown with 5% CO2 in nitrogen.
The effect of using a completely oxygen-free gas stream was 'tried by passing the 5% CO2 in nitrogen through a hot combustion tube filled with copper before the gas was bubbled through the culture. Cultures grown under both continuous and intermittent illumination at low light intensity did not differ significantly in yield or R-value from the control cultures which grew with the untreated 5% CO2 in nitrogen. Under the conditions used, the removal of the trace of oxygen from the gas mixture did not affect the growth of the culture.
MINERAL NUTRIENTS
In the course of these experiments a number of variations in the mineral nutrient solution were used. The total salt concentration as well as the proportions of the several ions in solution were varied. The objective was to find solutions suitable for growing cells of high R-value. Table VII shows the molar concentrations of salts in the six media.
which were used for most of the experimental cultures. The essential difference between these media is the form in which fixed nitrogen was supplied. Those with nitrate are designated A, ammonium chloride B, and ammonium phosphate C. The concentration of fixed nitrogen was the same in all these media except in A-2.
Each of the media had a pH of 5.9 when prepared. During growth, the cultures in A media became alkaline, as much as pH 7.2, whereas those in B media became acid, reaching pH 3.5 in old cultures. The change in pH was very small in C media.
It was found that the yield and R-value attained by a Chlorella culture was not determined by the medium alone. In general, cultures grown 20 minutes to drive off the free chlorine. After it had cooled, the considerable quantities of carbonates which had been precipitated were removed by filtration. Nutrient solutions were then prepared by dissolving the mineral salts in this water. Micro-nutrients were not added, as the yields of Chlorella indicated that the water was adequate for providing micro-elements. A comparison was made between tap water (treated as described) and distilled water, redistilled in all-glass apparatus. The salts of C-2 medium were dissolved in each water and the two cultures grew for 15 days, illumiflated continuously with 200-watt lamps. The culture in the medium prepared with doubly distilled water produced only one-sixth the yield and had an R-value seven units lower than the other culture. All cultures here reported were grown in media prepared with tap water, treated as described above.
FIXED NITROGEN. While the R-value of Chlorella can be varied experimentally by imposing a change in any one of several environmental conditions, the extent of the variation in R-value is limited primarily by one factor. This key factor which determines whether a culture will reach a high R-value is the supply of fixed nitrogen in the medium.
The fixed nitrogen content of the medium for each culture was computed from the nitrogen content of the salts added. From the weight of Chlorella produced and the per cent. nitrogen in the cells, the total nitrogen content of each crop of Chlorella was calculated. The fixed nitrogen remaining in the medium at the time the cells were harvested was estimated as the difference between the original fixed nitrogen and the nitrogen content of the Chlorella cells. This quantity is termed residual fixed nitrogen.
When the residual fixed nitrogen is plotted against R-value, certain relations become clear. No culture reached an R-value higher than 47 when the residual fixed nitrogen concentration was greater than 0.001 molar. Below 0.001 M, the R-value appears to be controlled by environmental factors other than nitrogen concentration. A number of cultures grown under low light intensity and for relatively short time reached residual fixed nitrogen concentrations between 0.001 M and zero, without attaining R-values as high as 47. With higher light intensity and long enough time, all of our cultures in which the residual fixed nitrogen was less then 0.001 M reached high R-values. For R-values of 57 and higher, the residual fixed nitrogen concentrations were below 0.0004 M. With the highest favorable light intensities, and even very long periods of time, if the residual fixed nitrogen concentration was greater than 0.001 M, the R-value remained below 47. Therefore, success in growing Chlorella of high R-value depends primarily upon the fixed nitrogen concentration of the medium.
The fact that an exiguous supply of nitrogen nutrients results in increased fat production in diatoms was observed by BEIJERINCK (1). Although these observations were based only upon microscopic examination, they have been entirely confirmed, in principle, by the methods of analysis and with the organism we have used.
If the medium initially contains so much fixed nitrogen that Chlorella cells growing in it do not reduce the concentration below 0.001 M, a culture of high R-value will not be obtained. In these experiments, a high R-value was never found for Chlorella grown in a medium containing 0.025 M KNO3. When a culture is started with a fixed nitrogen concentration of 0.001 M or less, cells of high R-value are obtained but the yields are extremely small. Cultures grown in medium A, B and C, all with the same fixed nitrogen concentration, produce about the same yields and R-values under low intensity illumination and relatively short periods of growth. With high light intensity and longer time, the yield increases more rapidly in A medium and the R-value shows more rapid increase in the B and C medium. Finally, after a long time at high light intensity, cultures in the three media approach equality both in yield and in R-value. The greater length of time required for attainment of high R-value in KNO3 medium makes it less desirable than media containing ammonium nitrogen for the production of Chlorella of high R-value. In the presence of an abundant nitrogen supply, A-2 medium, Chlorella cells remained dark green for as long as we have maintained a culture, 112 days. Cell division ceases after about two weeks. After that time the cell count of a culture does not change, but the weight of the cells may increase by a factor of four to five. This increase in weight is accompanied by a slow increase in R-value from about 42 to about 47, and an increase in cell size which is readily apparent under the microscope.
Entirely different, both in visual appearance and chemical composition, is the course of development of a culture in a medium limited in fixed nitrogen. In the early stages of growth, the appearance, yield and R-value of the cells approximate those of cultures in A-2 medium. When cell division stops, either from age or depletion of the supply of fixed nitrogen, the R-value rises sharply and the appearance of the cells changes. The dark green color becomes lighter, gradually changing to yellow in the cultures of highest R-value. These pale Chlorella cells of high R-value were mnany times the size of the dark green cells of low R. The pigment changes will be described in a following section.
The fixation of molecular nitrogen by green algae is a controversial subject. We have no critical evidence for or against nitrogen fixation, but have observed that in a few cultures of high R-value the nitrogen content of the cells was substantially more than the fixed nitrogen supplied to the cultures. This suggests the possibility that Chlorella may, under the special conditions producing high R-value, fix atmospheric nitrogen. Valid evidence in support of this view could be obtained only by much more rigorous control of conditions and refinement of analysis than was used in the experiments described here. modified to contain varying initial nitrogen content were grown for 15 days under illumination with 200-watt lamps. The fixed nitrogen concentrations tested were 0 to 0.009 M. The yield in grams for the same cultures is shown in figure 2 . The maximum yield was obtained with an initial fixed nitrogen concentration of about 0.00225 M. On either side of this concentration the yield decreased. As the nitrogen is reduced from 0.00337 M to almost zero, the R-value increases sharply. Later it was found that by increasing the time of growth of cultures as the nitrogen concentrations were increased from near zero to 0.00225, just as high R-values were obtained at any of these nitrogen concentrations, and that the yield -was roughly proportional to the nitrogen concentration. This was not the case with nitrogen concentrations higher than 0.00225. Similar results were obtained from experiments in which different light intensities and d fferent lengths of time were used.
When all the salts of the B medium were varied in the same proportion, the effect on R-value of the cultures was not significantly different from that of varying the NH4C1 alone. An increase in all of the salts was reflected in a small increase in yield.
MAGNESIUM. TRELEASE and SELSAM (19) have shown that although
Chlorella exhibits a tolerance to high concentrations of magnesium, the yield of cells is small. In order to test the effect of lower concentrations of magnesium, a series of cultures was grown in C-2 medium and modifications in which the magnesium concentration was reduced to 0.005, 0.0025 and 0.001 M with the addition of corresponding quantities of Na2SO4 to maintain the same [SO4] in all. Only slightly higher yields with approximately the same R-value were produced in the three media with reduced magnesium. A similar series of cultures was grown in B-2 medium and modifications with 0.005, 0.0025 and 0.001 M magnesium, the [SO4] being maintained constant by the addition of K2S04. In this series the yield and R-value decreased with decreasing magnesium. When MgSO4 was omitted from the medium no discernable growth of Chlorella occurred. PHOSPHATE. Several series of cultures were grown in modifications of the C-medium containing phosphate concentrations from 0.00125 to 0.04 M. The yield and R-values of these cultures did not differ significantly from those of the controls which contained 0.01 M phosphate. A culture to which no KH2P04 was added produced only 2% of the yield of the control. SODIUM. When NaCl was substituted in equimolar quantities for additions of KCI as described under the section on potassium, similar effects on yield and R-value were observed. With large additions of NaCl to C medium, 0.13, 0.18 and 0.23 M, the yields and R-values decreased to approximately 70% of the maximum. TOTAL SALT CONCENTRATION. It became apparent that the dilute media frequently recommended for the culture of algae are not suitable for growing the heaviest yields of Chlorella. Beijerinck's, Knop's and Molisch's solutions, for example, have total salt concentrations of about 0.02 M and often are used in diluted form. The media which yielded our best crops of Chlorella had total salt concentrations of 0.052 and 0.063 M (C-2 and A-2). 5-gallon bottles, A-2 medium, grown under natural illumination gave the largest yields when exposed to direct sunlight. The effect of light intensity upon the yield and R-value of a culture can hardly be evaluated without consideration of the time factor. The effect of various times of growth at different light intensities is discussed later.
INTERMITTENT ILLUMINATION. Under this heading are included cultures which received illumination from Mazda lamps controlled by a time switch. In the latter, the lights were on for 12 hours and off for 12 hours alternately.
When the gas stream was 5% CO2 in nitrogen, the y'lelds of Chlorella were very nearly proportional to the total time of illumination. That is, an intermittently illuminated culture produced about half the yield of one illuminated continuously for the same number of days. Also, the yields and R-values were nearly equal for an intermittently illuminated culture and one which received the same total time of illumination continuously.
A different effect was found when 5% CO2 in air was used. Intermittently illuminated cultures produced 8 -25% higher yields of cells with R-values 2-3 units higher than did companion cultures which received the same amount of illumination continuously. In this experiment eight cultures were started in the same medium at the same time, supplied with 5% C03 in air and illuminated by 200-watt lamps. The continuously illuminated cultures were harvested after 35, 49, 63, and 77 days; the intermittently illuminated ones after 70, 98, 126 and 154 days.
To summarize the conditions producing cells of the highest R-value:
C-2 medium was superior to the others tested, 5% CO2 in nitrogen was the most favorable gas mixture, and 200-watt continuous illumination was the best of those tested.
Groups of experiments were arranged so that one of a pair of intermittently illuminated cultures was harvested at the end of a light period, while the companion culture was harvested at the end of a dark period, each of the pair having been exposed to the same number of periods of illumination. In each case, the yield was a little less, and the R-value a little higher for the culture harvested at the end of a dark period. These results indicated that it might be possible to increase the R-value of Chlorella by allowing the culture to stand for a longer time in the dark. Some cultures were allowed to stand in the dark up to sixteen days. In none of these cultures was the increase in R-value much over one unit and there was also a considerable loss in weight. TEMPERATURE In attempting to determine the effect of temperature on the yield of Chlorella cells, the results become complicated by the difference of behavior of the organism in different media. Moreover, light intensity appears to influence the response to temperature of the cultures growing in the same medium. The temperatures employed for these tests ranged from 10 to 400 by 50 intervals.
Cultures in B-2 medium produced the best yields of Chlorella at 200. There was no visible growth at 300 and low light intensity, but at high light intensity moderately good growth was observed at 300. Growth was very slow at 100 with either light intensity. The R-value was lower at 100 than at 200, but did not show more than 2 units variation at temperatures from 15 to 300.
Chlorella grown in A-2 medium and under high light intensity, produced the greatest yields at 250, and as good yields at 300 as at 200. At very high light intensity some growth took place at 350 but none at 400. While no growth took place in a culture maintained constantly at 400, this temperature may be exceeded for short times without harmful effects. This was demonstrated in connection with cultures grown for the large scale production of Chlorella in 5-gallon bottles in a greenhouse exposed to direct sunlight. Occasionally the temperature within these cultures was observed to reach 43°. No harmful effect was apparent, judged by subsequent growth of the cultures and by comparison of their yields with similar cultures which had not become as warm. On the other hand, exposure to 40°for only an hour killed the cells of Chlorella cultures which were growing in B medium at low light intensity.
The effect of growing cultures at 150 and 200 with intermittent illumination was not significantly different from that observed at the same temperatures with continuous light.
STORAGE OF ENERGY
In considering the conditions favorable to the production of Chlorella cells of a given composition, an incomplete judgment will be reached if attention is paid to yield alone, or to R-value alone. Because each of these quantities is variable over a large range, both should be considered in the evaluation of the productivity of a culture grown under a given set of en-vironmental factors. Since the R-value is proportional to the heat of combustion per gram of material, the product of R-value times the yield in grams expresses the total energy stored by a Chlorella culture. This energy unit, the product of R-value and grams yield, is abbreviated to RG.
Of interest from the physiological viewpoint is the extent to which a culture can make use of the light energy available to it. At the beginning of these experiments it was planned to make measurements of the photosynthesis and respiration of Chlorella grown under conditions leading to the production of cells of different R-values. Wartime changes in staff necessitated abandonment of this phase of the investigation. Lacking di- rect physiological measurements, it becomes important to examine the available data for indications of possible differences in the utilization of light by cultures under various conditons.
We have no measure of the fracton of the incident light which was absorbed by the Chlorella cultures, although it was evident to the eye that this varied from near total absorption to almost complete transmission. We can, however, compare results obtained by growing Chlorella under different intensities of incident illumination. As we are concerned with the measurable over-all effect which has taken place during the entire period the culture was grown, a consideration of light intensity is meaningless without reference to the time factor. The manufacturer's rating of the initial lumens of the lamps served as the intensity factor, I. The time factor is expressed in days. The light energy incident upon a culture is proportional to the product of lumens times days. For convenience, this product is divided by 1000, and is denoted by the abbreviation IT.
When cultures are grown in the same medium and at the same light intensity, the value of RG is proportional to the value of IT over a considerable range. This is shown in figure 3 . There is a deviation from the linear relationship as the cultures grow older, because the rate of increase of both yield and R-value slows up. The curves lie quite close together when the intensity factor of IT is not greater than that which favors the greatest rate of growth of Chlorella in the given medium. For cultures in B medium, nearly the same RG is obtained at low values of IT with 25 to 200-watt lamps. Naturally, the same IT value will be reached in shorter time with higher light intensity. A 200-watt lamp is to be preferred for the attainment of maximum RG value of a culture growing in B medium. If the light intensity factor is greater than that which gives maximum growth, a larger value of IT is needed to produce a given value of RG, as shown by the curves for 300-watt and 500-watt lamps in figure 3 .
The value of RG is not quite proportional to IT at very low values of the latter. While the weight factor of the quantity RG increases from the 52- start with increase in IT, the R-value actually decreases at first, passes through a minimum at about IT = 15, then starts its steady increase at higher IT values. This is shown on a larger scale in figure 4 . The points shown in this dip in the R-value curve are values from cultures grown with lamps of 100 watts and less for periods of 6 to 15 days. For example, an IT value of 15 is reached with a 100-watt lamp in 9.1 days, with 60-watt in 18 days, with 40-watt in 32 days, and with 25-watt in 55 days. With light intensities higher than that from a 100-watt lamp, the minimum R-value would probably be reached in a very much shorter time. Since high R-values were not attained with an IT value of less than 50, it is seen that it would require an inordinately long time to grow cultures of high R-value by use of lamps of small wattage.
The storage of energy as expressed by RG for a given value of IT is also influenced by the composition of the culture medium. This is illustrated by the curves in figure 5 , showing the R-value, yield (grams) and RG for cul-tures grown in media A-2 and C-2, each under the light intensity giving the best yields. This was 200 watts for C-2 and 300 watts for A-2. It is clear that the cells grown in C-2 medium exceed the others in both R-value and yield; hence the RG value is also higher. On the other hand, cells grown in A-2 medium, while producing relatively high yields, have a low R-value and consequently their RG is well below that of the cells grown in C-2 medium. In other words, when both are growing under the most favor- able conditions, the culture of high R-value stores considerably more energy than does the one of low R-value. Chlorella cells growing under conditions which produce high R-value appear to make more effective use of the incident light than cells grown under conditions producing low R-values.
One of the most striking effects noted in the use of different media was the unusually high yield of Chlorella obtained from A-2 medium at very low light intensity. In 15 days of continuous illumination with a 25-watt lamp, IT = 4, a culture in A-2 medium yielded 0.9 g. of cells. Under similar conditions, cultures in the other media yielded but 0.3 g.
The choice of a medium for Chlorella culture can be based upon two considerations, the chemical composition of cells which is desired, and the yield which is obtained for a given light exposure, the ratio of RG/IT. It is readily apparent that medium C-2 is definitely superior to A-2 for the production of large yields of Chlorella of high R-value. Medium A-2 is the best of the six if it is desired to grow the maximum amount of Chlorella at low light input, or if it is desired to obtain large quantities of cells having a low R-value.
In It is evident that at the lower IT levels also, the C-2 and A-2 media produce the highest RG values. In this table are included cultures in C-2 medium containing j the specified quantity of fixed nitrogen, designated C-2, I N.
PIGMENTS
The color change from dark green to yellow-green and finally to yellow, which accompanies the increase in R-value of Chlorella is a very striking phenomenon. Although this color change was not followed through from the dark green to the yellow cells, pigment analyses were made on selected cultures by Dr. H. H. Strain of this laboratory.
The chlorophyll and carotene content of Chlorella both decrease as the R-value of the cells increases. Among Chlorella cultures of low R-value the chlorophyll content may vary ten-fold, depending upon the culture medium, light intensity and other conditions. This variation, however, is small in comparison to the difference in chlorophyll content between cultures of low R-value and of high R-value. In the latter, the chlorophyll content was only about 1/500, and in extreme cases 1/2000 that of the 6% by weight of chlorophyll found in cells of low R-value.
What is more striking is the relationship between chlorophyll content and cell yield in cultures which have reached high R-values. As their R-value increases, there is a regular decrease in chlorophyll content to about 0.012%. From this point, there is comparatively little change in the chlorophyll content; yet the weight of the cells may increase three-fold, with a corresponding decrease in percentage of chlorophyll.
The decrease in carotene content is about one-tenth as great as the change in chlorophyll content. Obviously this results in a change of the ratio of chlorophyll to carotene.
It appears possible that, at high R-values, the increase in cell yield may be independent of the chlorophyll concentration. This possibility, and other problems relating to the pigment content and increase in organic matter of cells of high R-value, together with their photosynthetic and respiratory activities, should be given more thorough investigation. Summary A method is described for determining the degree of reduction of the total organic matter of plant material from its elementary chemical composition. The degree of reduction is designated the R-value; it is proportional to the heat of combustion and is an expression of the energy content of the material. From the elementary analysis and R-value, it is possible to calculate the approximate carbohydrate, protein and lipid content of the plant material. It is shown that these components in Chlorella vary widely with different environmental conditions under which the cells are grown.
For example, the lipid content varied from 4.5 to 85.6%o.
The influence of various environmental factors on the chemieal composition of Chlorella is described. These factors include carbon dioxide concentration; aerobic and anaerobic atmospheres; mineral nutrients, more particularly fixed nitrogen; illumination and temperature. Conditions were found which favor the production of cells containing a large amount of lipid, that is, cells of high R-value. In general, cells having low R-value are produced when the fixed nitrogen in the medium is above 0.001 M; below this concentration, cells of higher R-value can be obtained. High light intensity also favors the production of cells of high R-value. The interrelationship of nitrogen supply and illumination is described. The energy stored by cultures under different environmental conditions is considered in relation to light intensity and time.
Very striking changes in chlorophyll content of Chlorella cells occur with increase in their R-value, indicating that cells with high lipid content carry on photosynthesis with a chlorophyll content 1/500 to 1/2000 that of cells of low lipid content.
We are indebted to Dr. G. J. Hardin for able assistance in the early stages of this investigation.
